Congenital heart disease (CHD) is the most common birth defect, occurring in nearly 1% of live births.^[@R1]--[@R3]^ Despite advances in diagnosis, cardiac surgery, and perioperative management, CHD remains a leading cause of infant and child mortality. Recent discoveries have identified de novo damaging variants in ≈10% of patients with diverse CHD malformations.^[@R4]--[@R19]^ These variants include de novo single nucleotide variants and small insertions or deletions that are predicted to adversely impact the function or expression of one protein (denoted damaging genic variants \[DGVs\]), as well as de novo copy number variants (CNVs) that delete or duplicate contiguous genes. Damaging de novo variants in genes that are expressed in the developing heart and other organs are significantly more prevalent in CHD patients with extra-cardiac anomalies (ECAs), compared with patients with isolated CHD.^[@R4],[@R5],[@R18],[@R19]^ Given the potential pleiotropic effects of de novo variants, an emerging question is whether genotype also influences broader clinical outcomes in patients with CHD.

A few prior studies have investigated large CNVs (\>300 kb) discovered using genotype arrays in small cohorts. These studies demonstrated worse linear growth in CHD patients with single ventricle^[@R20]^; \>3-fold increase in risk of death or transplant among nonsyndromic CHD patients^[@R21]^ and longer surgical bypass times, more re-operations, and increased intensive care stays in patients with chromosome 22q11.2 deletions and tetralogy of Fallot, truncus arteriosus, or interrupted aortic arch.^[@R22],[@R23]^ To date, no studies have comprehensively examined the impact of de novo variants on postoperative outcomes in CHD patients with and without ECAs.

To better elucidate the influence of de novo genotype on clinical characteristics and postoperative outcomes after open-heart surgery, we analyzed 2517 CHD trios (patients and biological parents) enrolled by the Pediatric Cardiac Genomics Consortium. Using exome sequences, we identified clinically significant de novo variants, both CNVs and DGVs^[@R18]^ and analyzed their associations with ECAs. Among patients undergoing open-heart surgery, we then investigated the association of de novo variants with transplant-free survival and postoperative respiratory support, and their interaction with ECAs.

Methods
=======

TOP Guidelines Statement
------------------------

All supporting data are available within the article and the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836). Details methods used in this study are provided in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836). The study protocol was approved by the Institutional Review Boards of Boston Children's Hospital, Brigham and Women's Hospital, Great Ormond St Hospital, Children's Hospital of Los Angeles, Children's Hospital of Philadelphia, Columbia University Medical Center, Icahn School of Medicine at Mount Sinai, Rochester School of Medicine and Dentistry, Steven and Alexandra Cohen Children's Medical Center of New York, and Yale School of Medicine. Written informed consent was obtained from participating subjects or their parents.

Results
=======

De Novo Variants Are Associated With ECA
----------------------------------------

Of 2517 patients with CHD in our cohort, 294 (11.7%) carried de novo variants: 131 (5.2%) had CNVs (3.2-fold more frequent than controls) and 169 (6.7%) had DGVs in multi-hit genes (denoted throughout as clinically significant; Methods and Tables IV through VIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). Patients with de novo variants were 2.4 times more likely to have ECAs (*P*=5.63×10^−12^). This association persisted when considering only patients with de novo CNVs, novel de novo CNVs not commonly associated with CHD (Table IX in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)), de novo DGVs, and de novo DGVs in genes highly expressed in the heart (Table [1](#T1){ref-type="table"} and Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)).

###### 

Frequency of ECA in Patients With De Novo Damaging Variants

![](hcg-13-e002836-g001)

De Novo Variants Are Associated With Worse Transplant-Free Survival and Time to Extubation After Open-Heart Surgery
-------------------------------------------------------------------------------------------------------------------

Surgical data were available in 1413 patients with CHD (Figure [1](#F1){ref-type="fig"}A) and all who had open-heart surgery exclusive of those with heart transplantation as their first surgery (n=1268 patients) were studied for postoperative transplant-free survival. Among these patients, 947 patients also had ventilator data for analyses of respiratory outcomes. Surgical patients, compared with those in whom surgical data were not available, were younger, had more severe CHD, and had more ECAs (Figure [1](#F1){ref-type="fig"}B).

![**Description of study population.** **A**, Flow chart depicting the derivation of the study population. **B**, Comparison of patients with and without available surgical data. Surgical data were not available for patients who underwent surgery before the treatment center began collecting data. Damaging genic variants (DGVs) include only those that are clinically significant (occur in multi-hit genes; see Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). DND indicates de novo damaging.](hcg-13-e002836-g002){#F1}

Among the 1268 open-heart surgery patients, 143 (11.3%) had de novo CNVs and clinically significant DGVs (Figure [1](#F1){ref-type="fig"}B). ECAs occurred more frequently among surgical CHD patients with de novo variants. There was a difference in STAT (Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery) mortality categories (reflecting increasing risk and severity of surgery) between those with and without de novo variants, primarily due to differences in categories 4 and 5. The remaining demographic and operative factors, as well as follow-up times and cardiac diagnoses, were similar (Table [2](#T2){ref-type="table"} and Table X in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)).

###### 

Characteristics of Patients With and Without De Novo Damaging Variants

![](hcg-13-e002836-g003)

De novo variants were associated with significantly worse transplant-free survival during a median follow-up of 2.65 years after the first open-heart surgery in unadjusted and adjusted analyses taking into account age, total cardiopulmonary support time, STAT mortality category, center where the surgery was performed and preoperative factors (adjusted hazard ratio \[HR\], 3.51 \[95% CI, 1.96--6.07\], *P*=5.33×10^−05^; Methods and Table XI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). This association was robust in sensitivity analyses that excluded individual STAT categories (Table XII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). Subgroup analyses showed worse transplant-free survival in patients carrying de novo CNVs, novel de novo CNVs and de novo DGVs (Table [3](#T3){ref-type="table"}, Figure [2](#F2){ref-type="fig"}, and Figure I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). Atrial and ventricular septal defects were the most common malformations encountered, and de novo variants were also associated with worse transplant-free survival in this cohort (adjusted HR, 3.79 \[95% CI, 1.67--8.23\], *P*=0.002), as well as in patients with left-sided lesions (adjusted HR, 3.40, *P*=0.003; Table XIII in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)).

###### 

Transplant-Free Survival and Time to Extubation in Patients With De Novo Variants

![](hcg-13-e002836-g004)

![**Kaplan-Meier curves depicting (**A**) time to death or heart transplantation following first open-heart surgery and (**B**) time to final extubation following open-heart surgery for congenital heart disease patients with and without de novo damaging variants (includes only clinically significant damaging genic variants \[DGVs\]).** Adjusted hazard ratios (HR) are shown.](hcg-13-e002836-g005){#F2}

De novo variants were also associated with significantly longer time to final extubation following open-heart surgery in unadjusted and adjusted analyses accounting for age, total cardiopulmonary support time, STAT mortality category, center where surgery was performed and preoperative factors (adjusted HR, 0.74 \[95% CI, 0.60--0.91\], *P*=0.005; Table XIV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). This association was robust in sensitivity analyses that excluded individual STAT categories (Table XV in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). The time to final extubation was most prolonged in patients with septal defects and de novo variants (adjusted HR, 0.62 \[95% CI, 0.47--0.82\], *P*=7.45×10^−04^; Table XVI in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). Subgroup analyses showed longer time to final extubation in patients with de novo CNVs, novel de novo CNVs, but not de novo DGVs (Table [3](#T3){ref-type="table"}, Figure [2](#F2){ref-type="fig"}, and Figure I in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)).

De Novo Variants, ECA, and Clinical Outcomes
--------------------------------------------

Since de novo variants are associated with ECAs, and ECAs have been reported to lead to worse outcomes,^[@R22],[@R23]^ we investigated the association between the 2 and clinical outcomes. De novo variants and ECAs had a significant interaction (*P*=0.003) in their association with transplant-free survival; that is, the magnitude of association between de novo variants and death or transplant varied according to the presence or absence of ECAs. In patients with ECAs, there was no additional hazard associated with the presence of de novo variants on transplant-free survival (HR, 1.96 \[95% CI, 0.96--3.79\], *P*=0.06). In contrast, among patients without ECAs, de novo variants were associated with worse transplant-free survival (HR, 11.21 \[95% CI, 4.12--29.13\], *P*=1.61×10^−05^; Figure [3](#F3){ref-type="fig"}). Moreover, transplant-free survival of patients with versus without variants in nonsyndromic genes (adjusted HR, 3.84 \[95% CI, 2.12--6.94\]; *P*=8.77×10^−06^) was worse than similar comparisons of variants in syndromic genes (adjusted HR, 1.21 \[95% CI, 0.28--5.31\]; *P*=0.80).

![**Interaction between de novo damaging variants and extra-cardiac anomalies (ECA) in their association with transplant-free survival and time to final extubation.** **A**, Models for transplant-free survival and time to final extubation that include interaction between DND variants and ECAs. Analyses include only clinically significant damaging genic variants (DGVs). There was a significant interaction between the 2 for transplant-free survival. Among patients without ECAs, de novo damaging variants were associated with worse transplant-free survival, but there was no significant association among patients with ECAs. For time to final extubation, both de novo damaging variants and ECAs were independently associated with worse outcome without interaction between the 2. **B** and **C**, Kaplan-Meier curves depicting time to death or heart transplantation following first open-heart surgery for patients with and without ECAs. Adjusted hazard ratios (HR) are shown. STAT indicates Society of Thoracic Surgeons-European Association for Cardio-Thoracic Surgery.](hcg-13-e002836-g006){#F3}

Both de novo variants (HR, 0.75 \[95% CI, 0.61--0.94\], *P*=0.01) and ECAs (HR, 0.86 \[95% CI, 0.76--0.99\], *P*=0.03) were independently associated with longer time to final extubation. However, there was no significant interaction between de novo variants and ECAs with regard to time to final extubation (*P*=0.89).

Machine-Learning Insights Into High-Risk De Novo Variants Associated With Adverse Clinical Outcomes
---------------------------------------------------------------------------------------------------

We used agnostic, model-free, machine-learning methods^[@R24]--[@R26]^ to determine if some de novo variants were associated with worse clinical outcomes (detailed in Methods in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCGEN.119.002836)). Analyses were limited to the 1268 CHD patients with surgical data, who were randomly assigned into discovery and validation cohorts. For each of one thousand pervariants, we sought to identify de novo variants that were associated with worse transplant-free survival and prolonged time to final extubation (Figure [4](#F4){ref-type="fig"}). For transplant-free survival de novo CNVs at 2 loci, 15q25.2 and 15q11.2, were identified in both the discovery and validation cohorts at substantial frequencies (48% and 43%, respectively; Figure [4](#F4){ref-type="fig"}A). Patients with CHD harboring these high-risk CNVs had significantly worse transplant-free survival compared with CHD patients with no de novo variants (HR, 17.44; *P*=3.53×10^−04^) and those with other de novo variants (Figure [4](#F4){ref-type="fig"}C). The remaining de novo variants were still associated with worse transplant-free survival but at a lower hazard (HR, 2.68 \[95% CI, 1.47--4.63\], *P*=0.002).

![**Identification and validation of high-risk de novo damaging variants.** Permutation analyses identified de novo copy number variants at 15q25.2 and 15q11.2 as high-risk for transplant-free survival (**A**) and 15q25.2, 22q11.21, and 3p25.1-26.3 as high-risk for prolonged time to final extubation (**B**). **C**, Kaplan-Meier curves depicting time to death or heart transplantation after first open-heart surgery in congenital heart disease (CHD) patients with high-risk de novo damaging variants (15q25.2 and 15q11.2), any other de novo damaging variants, and no de novo variants. **D**, Kaplan-Meier curves depicting time to final extubation after open-heart surgery in patients with high-risk de novo damaging variants (15q25.2, 22q11.21, and 3p25.1-26.3), other de novo damaging variants and no de novo variants. Adjusted hazard ratios (HR) are shown.](hcg-13-e002836-g007){#F4}

De novo CNVs affecting chromosomes 15q25.2, 22q11.21 and 3p25.1-26.3 were most frequently identified in both the discovery and validation cohorts (50%, 34%, and 29% of pervariants, respectively) in association with prolonged time to final extubation. These de novo variants were also associated with significantly prolonged times to final extubation compared with the remaining de novo variants (HR, 0.38 \[95% CI, 0.17--0.86\]), although the remaining de novo variants also had a residual hazard for prolonged intubation (HR, 0.80 \[95% CI, 0.65--0.98\]).

Discussion
==========

Genomic analyses of 2517 patients with CHD and their parents revealed clinically significant de novo variants in 11.7% of patients. Patients with de novo variants were more likely to have ECAs, reinforcing prior evidence that de novo variants are more prevalent in syndromic than in isolated CHD.^[@R4],[@R19]^ In a subset of 1268 patients with CHD who had undergone open-heart surgery and for whom we had surgical data, we also found that de novo variants were associated with worse transplant-free survival, as well as worse postoperative respiratory outcomes, including a greater likelihood of postoperative re-intubation, and longer times to first and final extubation. Importantly, de novo variants were strongly associated with adverse outcomes among patients without ECAs, in whom genetic abnormalities might not have been suspected during routine clinical practice.

Smaller studies have previously reported associations between CNVs and clinical outcomes,^[@R20]--[@R23]^ but this is the first large scale study to examine the overall impact of all de novo variants, including DGVs, on postoperative outcomes. Our findings are consistent with prior studies that have demonstrated worse transplant-free survival in patients with large CNVs, as well as in patients with 22q11.2 deletions. Notably, subgroup analyses that excluded CNVs commonly associated with CHD, including 22q11.2 deletions, still demonstrated significantly worse outcomes, suggesting that the observed associations are not solely driven by patients with well-established CNVs. Rare, not commonly reported de novo CNVs were equally important determinants of postoperative outcomes.

DGVs that occurred 2 or more times within the same gene had significant associations with ECAs, transplant-free survival, and respiratory outcomes. This observation supports 2 conclusions. First, some DGVs, particularly those identified only once in the study cohort, were likely incidental mutations that did not account for CHD and associated phenotypes. As larger cohorts are studied, we expect that a more complete repertoire of genes that are critical for heart and organ development will emerge. Second, because DGVs affect a single gene, while the majority of CNVs in this cohort spanned multiple genes, the observed associations likely reflect the pleiotropic effects of individual genes. Further elucidation of the developmental function of variants in these genes may inform mechanisms for these clinically important associations.

Several prior studies demonstrated a significant enrichment of de novo variants among CHD patients with ECAs.^[@R4],[@R18],[@R19]^ These findings indicate that some de novo variants cause pleiotropic effects that are responsible for both cardiac and extra-cardiac defects. Moreover, because de novo variants are associated with ECAs, and ECAs are associated with worse outcomes,^[@R22],[@R23]^ ECAs are in the causal pathway between de novo mutations and worse surgical outcomes. Consistent with this interpretation, our interaction analyses demonstrated that the magnitude of the association between de novo variants and death/transplant was different for patients with versus those without ECAs. Within the subgroup of patients with ECAs, the association of de novo variants with adverse outcome was modest and did not reach statistical significance.

CHD patients without ECAs have a lower burden of de novo variants.^[@R4],[@R18],[@R19]^ But among those without ECAs who do have de novo variants, our study provided the first and strong evidence that these genotypes were associated with a statistically significantly greater hazard of mortality or cardiac transplantation during a median follow-up of 2.65 years. This finding may reflect the impact of de novo variants on cardiopulmonary demands, resilience after open-heart surgery, or other effects independent of overt ECAs. The effects of unrecognized de novo variants might contribute to increased, early mortality of patients with simple (isolated, uncomplicated septal defects and patent ductus arteriosus) CHD.^[@R27]^ The mechanisms and genetic pathways through which de novo variants and ECAs act warrant further study.

Currently, the majority of patients with CHD and ECAs undergo genetic testing, which leads to early diagnosis, further diagnostic testing as dictated by the specific genetic diagnosis, and anticipatory guidance over time. Our data suggest that genetic testing is also important in CHD patients without clinically overt ECAs for 2 reasons. First, these patients also have significantly worse outcomes, and second, although we excluded from sequencing patients with clinically diagnosed syndromic CHD, a number of syndromic variants were nevertheless discovered by exome sequence analyses. This suggests that even at high-volume centers, many syndromic patients remain under-diagnosed.

To explore the relationships between specific genotypes and open-heart surgery outcomes in patients with CHD, we leveraged model-free machine-learning predictive tools. Among all CHD subjects with relevant postoperative data, we found that specific de novo variants were associated with the highest risks of mortality, heart transplantation, or prolonged time to extubation. Because we had only one CHD cohort with both genetic and clinical data, we used permutation analyses to confirm these associations. Our finding that de novo CNVs on chromosome 22q11.2 conveyed high risk for prolonged time to extubation provides support for this approach, as independent data associate this locus with respiratory dysfunction.^[@R23],[@R28]^ Overall, we identified de novo CNVs at 2 loci (15q25.2 and 15q11.2) associated with markedly worse transplant-free survival and 3 loci (15q25.2, 22q11.2, and 3p25.1-26.3) associated with longer time to final extubation. Patients with these variants had worse outcomes than those with other de novo variants, who in turn had worse outcomes than patients with no de novo variants. Together, these data suggest that different de novo variants confer varying amounts of risk, presumably due to the gene functions that are perturbed.

There are limitations in our study. We had surgical data for about half of the cohort that had undergone genetic sequencing. However, to our knowledge, this is the largest study that has investigated the relationship between de novo genotype and postoperative outcomes in CHD.

The absence of surgical data resulted largely because participating centers in our study began standardized surgical data collection at different times between 1991 and 2015, sometimes after patients had undergone open-heart surgery. Consistent with this, the mean age of patients with surgical data was 1.1 years, whereas that of patients without surgical data was 8.5 years, creating some differences between the groups. Patients without surgical data had fewer ECAs and were more likely to have been enrolled in this study, years after cardiac surgery. However, de novo variants occurred with comparable prevalence among patients with and without surgical data, suggesting that our inability to capture surgical cases for administrative reasons was unlikely to have biased our findings. Some patients with CHD might have had unrecognized subclinical ECAs, as phenotypes were only identified as part of clinical care, and misclassification of such subjects as ECA-negative could have contributed risk that we ascribed to genotype. Whereas all study patients received care in tertiary clinical centers from physicians with considerable expertise in recognizing syndromic CHD, future re-evaluation of these patients may improve phenotyping. Finally, our analyses examined exome sequences, which enabled broad detection of DGVs and CNVs spanning ≥3 exons,^[@R15]^ but excluded most intronic de novo variants and would not capture epigenetic modifiers.

We conclude that in addition to providing insights into CHD causes, de novo genetic variants are associated with noncardiac phenotypes and negative outcomes after cardiac surgery. CHD patients with de novo variants have more ECA, require longer postoperative ventilator support and have decreased transplant-free survival. With the increased availability and reduced costs of genomic sequencing, clinical application of this technology may be warranted to identify high-risk patients with CHD before cardiac surgical interventions.
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